Many studies have shown a relationship between atrial fibrillation (AF) and vascular dementia. AF is a major risk factor for stroke, and stroke is the greatest risk factor for vascular dementia. However, the relationship between Alzheimer's disease (AD), the leading cause of dementia, and AF remains unclear. At least four epidemiological studies have reported AF significantly raises the risk of AD 1.5-to 2.5-fold. Chronic cerebral hypoperfusion, resulting from persistent AF, could explain the link as hypoperfusion may mechanistically exacerbate amyloid-␤ (A␤) neuropathology, such as senile plaques and amyloid angiopathy, by upregulating A␤-producing enzymes and lowering A␤ clearance efficiency. In addition, hypoperfusion may exacerbate tau pathology directly through upregulation of tau-phosphorylating enzymes and indirectly via the amyloid cascade. However, most neuropathological studies do not support the direct link between AD pathology and AF but rather suggests vascular neuropathology is related to, or coexistent with, AF and lowers the threshold for clinically-evident AD. Vascular neuropathology may thus mediate the link between AD and AF. From a treatment perspective, an observational study has shown that catheter ablation is associated with less incidence of AD in AF patients, suggesting rhythm-control suppresses hypoperfusion-induced AD neuropathology. In addition, rate-control may lower the rate of cognitive decline in cognitively impaired elderly subjects with AF. Further studies are warranted to clarify the mechanisms underlying the linkage between AF and AD. However, anticoagulation and rhythm-/rate-control against AF may hold promise even for AD patients.
INTRODUCTION
Atrial fibrillation (AF) contributes to the incidence and outcome of ischemic stroke [1] . Estimates of AF prevalence among patients with stroke are variable but recent technical advances have clarified that AF is more common among patients with ischemic stroke than previously reported [2] . Since stroke can cause vascular, or post-stroke, dementia [3] , a relationship between AF and vascular dementia is also likely [4] . So is there a relationship between AF and Alzheimer's disease (AD)? Epidemiological research has offered fairly compelling evidence [5] [6] [7] . Why is there such a relationship? Based on the close association between stroke and AD [8] , does cardioembolic stroke (CES) induce not only vascular dementia but also AD? Is there a mechanism by which pulse irregularities caused by AF induce functional abnormality in neurons leading to AD? Does cerebral 62
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hypoperfusion caused by persistent AF trigger AD? Although it seems premature to draw conclusions about the underlying mechanisms behind the association between AF and AD, we hope this review will provide a guide for future research by focusing on studies differentiating AD from other causes of dementia and speculating on mechanisms linking AF and AD.
EPIDEMIOLOGICAL EVIDENCE
The relationship between AF and AD was first found in the Rotterdam study reported by Ott et al. in 1977 [6] . In this study, 6,584 subjects, aged 55 to 106, registered in 1990-1993, underwent both electrocardiogram examination and cognitive assessment. Dementia was present in 276 people, among whom 206 had AD (75%), 41 vascular dementia, 29 dementia of other causes, and 11 dementia with unexplained etiologies. AF was observed in 195 people with increased frequency with age, and those with AF had significantly higher frequency of dementia with an odds ratio of 2.3 (95% CI, 1.4-3.7). Interestingly, the correlation was particularly strong in young women under 75 years old (odds ratio, 9.2 (2.5-34.3)), and in cases of AD with stroke (AD with cerebrovascular disease (CVD); odds ratio, 4.1 (1.7-9.7)). However, the history of stroke per se was not been related to this correlation.
In addition, a population-based cohort study (Cardiovascular Risk Factors, Aging and Dementia: CAIDE study) that longitudinally followed 1,510 men and women for 7.8 years (62% females; median age, 65 years) showed the hazard ratio for AF was 2.61 (95% CI, 1.05-6.47) for all-cause dementia and 2.54 (95% CI, 1.04-1.61) for AD [5] .
Likewise, in another population-based cohort study (Adult Changes in Thought: ACT study) following 3,045 men and women (60% female, average 74 years old) for 6.8 years, the hazard ratio of AF was 1.38 (95% CI, 1.10-1.73) for all-cause dementia, and increased to 1.50 (95% CI, 1.16-1.94) for AD [7] ; in this study, cases with past history of stroke were excluded.
Although the above three cohort studies were population-based, the Intermountain Heart Collaborative Study, which followed up 37,025 hospital cohorts (female 39.9%, average age 60.6 years) showed that during the 5-year observation period, allcause dementia developed in 1.3% of those without AF versus 3.3% of those with AF, AD in 0.7% versus 1.5%, and vascular dementia in 0.3% versus 0.9% [9] . After multivariate adjustment, the odds ratio of AF for all-cause dementia was 1.73, 1.06 for AD, and 1.73 for vascular dementia but when limited to subjects aged 70 years or less, the odds ratio for AD was even greater at 2.30 with a statistical significance. In this study, senile dementia was distinguished from AD and vascular dementia, which may represent inherent limitation for differential diagnoses of dementia in the elderly and have affected the odds ratios among dementia subtypes. However, in this study, patients with younger-onset AF did show increased prevalence of AD. Furthermore, in a case-control study conducted on 784 subjects at Geriatric Clinic in Italy, AF was associated with 2.0-fold increase in vascular dementia and 1.72-fold increase in AD [10] , further supporting the association between AF and AD.
By contrast, in the Swedish Kungsholmen Project (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , which observed 685 subjects without a history of dementia or stroke, the hazard ratio of dementia associated with AF was 0.9 (95% CI, 0.5-1.7) and that of AD, 0.8 (95% CI, 0.4-1.5), with lack of association of AF with cognitive impairment including AD in the very old during the first followup period (1991-1993) of research participants over 75 years of age for 6 years [11] . In a meta-analysis of the correlation between AF and cognitive impairment, the relative risk of dementia increased by 2.7 (95% CI, 1.82-4.00) in AF patients with stroke and by 1.4 (95% CI, 1.19-1.64) with statistical significance even for patients without stroke. When the disease subtypes of dementia were distinguished, the relative risk of vascular dementia was 1.72 (95% CI, 1.27-2.32), while the relative risk of AD was 1.22 (95% CI, 0.96-1.56), suggesting no significant increase in the risk of AD due to AF [12] . However, this meta-analysis did not detail which studies were included for AD risk calculation.
We have listed studies distinguishing AD as a disease subtype of dementia ( Table 1) . As described above, contradictory results have been reported, but considering the negative study enrolled only elderly people over the age of 75 at the time of baseline [11] , the subjects' age may have impacted the association between AF and AD. In other words, as the subject becomes older, the absolute number of AD cases is irrelevant to increases in AF, making it difficult to detect the positive correlation between AF and AD. Furthermore, in older adults, the proportion of so-called 'mixed' vascular/AD cases increase [3, 13] , so AD and vascular dementia become difficult to differentiate, which may hamper association studies of dementia subtypes with AF. Consistent with this notion, the Vantaa 85 + Study showed AF was not an independent risk factor for dementia in the very old, and the following neuropathological study showed that the etiology of dementia syndrome was multifactorial, including both AD, and vascular, pathology [14] .
MECHANISTIC INSIGHTS
The epidemiological studies described above suggest an association between AF and AD, especially in younger individuals or those with stroke. So, what kind of mechanisms underlie the association? Because AF is a strong risk factor for CES [12] , it is easy to envisage post-stroke dementia or vascular dementia ensues after the CES. A meta-analysis reported dementia is seen in 20% of the initial stroke patients and 30% of the recurrent stroke patients [15] . Therefore, there seems to be continuity in AF through ischemic stroke leading to post-stroke, or vascular, dementia. AF may also induce cerebral hypoperfusion based on low cardiac output [16] , which may cause vascular dementia of hypoperfusive etiology, regardless of whether AF leads to ischemic stroke [16] [17] [18] . Indeed, basic research using rodent models has suggested cerebral hypoperfusion induces white matter changes, such as demyelination and axonal damage, and causes working memory impairment [19, 20] . In addition, a close association between hypoperfusion and vascular dementia has been identified [21, 22] . Low cardiac output itself may be a direct risk of stroke, rather than cerebral hypoperfusion. However, only severely reduced ejection fraction (≤20%) can be a specific stroke risk factor [23] , which is lower than the level that can be normally induced by AF [24] . This suggests AF can . AF causes cerebral infarction due to the embolic mechanism through thrombus formation within the heart chamber and can be a risk of vascular dementia (left cascade). Meanwhile, persistent AF may accelerate the three major pathological hallmarks of AD, namely senile plaques, amyloid angiopathy, and neurofibrillary tangles, through AF-associated cerebral hypoperfusion (right cascade). In addition, cerebral hypoperfusion can cause hypoperfusive vascular dementia. Although further research should be conducted to reach definitive conclusions, anticoagulation therapy may prevent vascular dementia, while rhythm/rate control may prevent AD. Since AD frequently coexists with cerebrovascular diseases (AD with CVD) in the elderly, and both dementing disorders may be induced by AF, optimal management of AF should be considered for prevention of the two major subtypes of dementia. Possible confounding pathologies that contribute to dementia in AF patients are not included in the figure for simplification (see text for details).
cause vascular dementia through CES and/or cerebral hypoperfusion.
Does continuity exist between AF and AD ( Fig. 1) ? A hint for the answer is given from a neuropathological analysis of 328 autopsy cases (55% female, average 87.6 years old) in a population-based cohort [25] . In the medical records, 134 subjects (41%) had AF, which was divided into two groups: 1) permanent AF (57 cases) confirmed with an electrocardiogram more than twice, at intervals of 6 to 36 months, and 2) nonpermanent AF (77 cases) confirmed only once, even with repeated electrocardiogram. Intriguingly, when permanent AF was observed, the relative risk of senile plaques, neurofibrillary tangles, and cerebral amyloid angiopathy, which are the three major pathological changes of AD, was 1.47 (95% CI, 0.96-2.28), 1.40 (0.79-2.49), and 1.50 (0.78-2.67) compared to controls without AF, respectively. By contrast, the relative risk of each pathological change associated with nonpermanent AF was reduced at 0.82 (0.49-1.43), 0.42 (0.20-0.87), and 0.74 (0.42-1.30), compared to controls without AF. Although limited number of autopsied cases may underlie the lack of significant differences, the fact that the risk of the three major pathological hallmarks of AD consistently increase with permanent AF, compared to nonpermanent AF, provides insights into the mechanisms linking AF and AD. In addition, the relative risk of neurofibrillary tangles accompanying permanent AF was 1.91 (95% CI 1.01-3.61) when adjusted by the APOE genotypes and presence of chronic heart failure, further suggesting that AF promotes the pathological changes in AD.
So, what is the underlying mechanism by which this distinct difference arises between permanent and nonpermanent AF? In the same study, the relative risk of cerebral infarction was 1.84 (95% CI 1.12-3.01) in permanent, and 1.81 (95% CI 1.13-2.84) in nonpermanent, AF with no apparent difference, making it unlikely that CES caused by AF mediates the difference. However, the crucial difference between permanent and nonpermanent AF is the reduction in cardiac output in permanent AF, which increases the likelihood of cerebral hypoperfusion [16] . In general, in vital organs, such as the brain, the mechanism of autoregulation maintains circulation, even if cardiac output decreases [26] . However, long-term AF eventually leads to a failure of this compensatory mechanism and a decrease in cerebral circulation, as demonstrated in a study that measured cerebral blood flow by the 133 Xenon inhalation method [27] . In this study, younger subjects aged 35 to 50 years had a higher degree of cerebral blood flow reduction by 17.5% due to permanent AF compared to age-matched controls.
In support of such in vivo observations, simulation of AF using two coupled lumped-parameter models (systemic and cerebrovascular circulations, respectively) showed variability of the cerebral hemodynamic variables led to transient hypoperfusion, even if the cerebral autoregulation system is able to maintain a normal mean flow during AF [28] . This study also showed that the major difference between AF and sinus rhythm is the larger standard deviations of each cerebrovascular variable, suggesting AF induces fluctuations within the parameters of cerebral hemodynamics. This simulation explains the close linkage between AF and cerebral hypoperfusion, even if it is transient. These two lines of evidence from in vivo and simulation studies may, at least partially, explain the correlation between AF and AD, even in younger patients with presumed intact cerebral autoregulation systems.
Additional evidence for the association between hypoperfusion and AD can be found from a prospective assessment of 1,039 participants enrolled in the Framingham Offspring Study without prevalent stroke, cognitive decline, and dementia [29] . The study reported an independent association of cardiac output with incident dementia (adjusted HR 1.66) and with AD (adjusted HR 1.65) at median 7.7 years of follow-up. This study, although not restricted to AF patients, suggests an important association between AF and AD in a population-based cohort. Furthermore, lower cardiac index was associated with an increased risk for the development of dementia (HR = 2.92) and AD (HR = 2.87), suggesting cerebral hypoperfusion has a role in the acceleration of cognitive decline. In addition, a pathological study has reported amyloid-␤ (A␤) itself affected cardiac function in patients with AD. Echocardiographic examination suggested patients with AD presented with diastolic dysfunction and histopathological examination revealed that A␤ 40 and A␤ 42 were both present in the myocardium. A␤ 40 and A␤ 42 expression was increased in heart tissue of AD patients, as in the brain. A␤ cleared from the brain into the circulation may accumulate in the heart of AD patients, suggesting A␤ plays a pathogenic role in diastolic dysfunction of the heart [30] . As diastolic dysfunction is a risk for AF [31] , AD may induce AF through A␤ accumulation in the heart, suggesting the relationship between AD and AF is bidirectional.
One of the mechanisms by which senile plaques and amyloid angiopathy are induced by long-term cerebral hypoperfusion is through expression of ␤-(BACE 1) and ␥-secretase, whose activity centers on presenilin (PSEN) are enhanced thus increasing the amount of A␤ spliced from amyloid-␤ protein precursor (A␤PP) in the BACE 1 -PSEN -A␤PP regulatory system [32] [33] [34] (Fig. 2) . Aging itself also increases the expression of BACE 1 [35] and A␤ production. A␤ 42 with higher aggregation ability accumulates in the brain parenchyma, while A␤ 40 with relatively lower aggregation ability accumulates in cerebral blood vessels, forming senile plaques and cerebral amyloid angiopathy, respectively. Cerebral amyloid angiopathy leads to circulatory insufficiency in the brain due to dysfunction of vascular smooth muscle [36] , resulting in an increase in A␤ production. Among the several subtypes of vascular dementia, the positive rate of AD pathology is highest (87%) in hypoperfusive dementia, which supports the existence of such a mechanism [37] .
Another important mechanism by which hypoperfusion induces A␤ accumulation is clearance failure [8] (Fig. 2) . Cerebral amyloid angiopathy has also been shown to interfere with the A␤ clearance pathway, inducing the accumulation of A␤ and leading to a cycle of A␤ accumulation [38] . Cerebral perfusion can be a driving force of A␤ clearance, as carotid stenosis impairs the perivascular drainage pathway [39] , with aortic or brachiocephalis stenosis impairing the paravascular counterpart [40] . Such mechanisms have been shown mechanistically using two-photon imaging [41, 42] , identifying cerebral perfusion as a driving force.
According to the amyloid hypothesis, accumulation of A␤ induces neurofibrillary tangles, mainly composed of phosphorylated tau, ultimately leading to neuronal cell death [43] . Chronic hypoperfusion is known to activate the tau phosphorylation (1) Hypoperfusion, as a result of arteriolosclerosis or blood-brain barrier disruption, elevates BACE1 levels and activity, leading to A␤ overproduction. (2) A␤ overproduction leads to amyloid plaque formation and cerebral amyloid angiopathy (CAA); CAA impairs A␤ clearance efficiency, thus forming a cycle of A␤ clearance failure. (3) CAA further potentiates deficiencies of blood flow by aggravating preexisting arteriosclerosis and BBB disruption, thus forming a cycle of A␤ overproduction. AF can modify and drive such vicious cycles through concomitant hypoperfusion. B) AF may accelerate Alzheimer's disease indirectly through cerebrovascular disease such as cardioembolic stroke and white matter changes. Note that arteriolosclerosis is known to be associated with ischemic stroke while CAA with white matter changes, which may further drive the vicious cycle of dementia.
enzymes glycogen synthase kinase-3 beta and cyclin-dependent kinase-5 [44] , suggesting chronic hypoperfusion is directly involved in the phosphorylation of tau, independent of A␤ pathology.
These pathological and experimental studies suggest that persistent AF leads to cerebral hypoperfusion (circulation failure), even without cerebral infarction, and over a long period of time, causing an increase in A␤ production and failure in A␤ clearance, which directly or indirectly induces tau phosphorylation. Further elucidation of the mechanisms involved in this process is required but it is apparent rhythm or rate disorders may be a factor in cerebral circulation failure, as well as embolic mechanisms due to AF.
PATHOLOGICAL EVIDENCE
Many studies that included autopsies have not found a link between AF and AD-type pathologies, i.e., plaques and tangles, though several large clinical studies have shown a link between AF and AD, as shown above. A correlation between diabetes mellitus and AD may provide an illustrative parallel: many clinical studies have shown the link between diabetes and AD [45] , though studies that added autopsy have found no link [46] . Indeed, participants in the Rush longitudinal cohort study of aging underwent annual clinical evaluations and a brain autopsy at death, and found no relationship between diabetes and global or regional AD pathology, including in the mesial tem-poral lobe [47] ; rather, diabetes was associated with gross subcortical infarcts.
This association may be extrapolated to the apparent AF-AD link. In other words, 'mixed' vascular/AD cases may be clinically labelled as AD and the contribution of vascular factors may be underestimated in patients with AF. There is a possibility vascular neuropathology, such as small vessel pathology, may mediate the true AF-dementia link, and AD pathology may be an epiphenomenon or remain subclinical in the elderly. In addition, in clinical studies, a multitude of confounders may be omitted from analysis, such as co-morbidities of AF, including atherosclerosis and arteriosclerosis, and other coexisting neuropathologies such as ␣-synuclein, or even TDP-43, pathologies. These 'clinically invisible' pathologies may thus be under-evaluated or underdiagnosed in epidemiological studies, though they are thoroughly examined in details in neuropathological studies.
For instance, a neuropathological study using a large autopsy cohort of 334 elderly persons (mean age, 84.0 years old at death) modeled the association between 43 different clinical and pathological variables and the severity of cognitive impairment [48] . There were associations between cognitive impairment and several neuropathological findings but not with heart disease, including AF, although demographic information was only available in 15% of the cohort. In addition, among 1593 patients with primary neuropathological diagnosis of AD, of which 250 had AF, patients with AF showed (paradoxically) milder AD neuropathology with higher frequency of vascular neuropathology [49] , suggesting AF-induced or co-incident vascular neuropathology contributed in lowering the threshold for clinically-evident dementia. The mean age at death was 88.9 years old in those with heart failure and 84.4 years old in those without heart failure. This notion was further confirmed by another neuropathological study using 84 autopsy-confirmed AD cases, in which presence of cerebrovascular changes was associated with lower Braak and Braak stage [50] . The mean age at death was 79.1 years old and the AF prevalence was 12% in those with cerebrovascular changes and 75.1 years old and 2.9% in those without cerebrovascular changes. The most common forms of cerebrovascular changes were circle of Willis atherosclerosis followed by arteriosclerosis, lacunes, and microinfarcts. Such cerebrovascular changes were associated with aggregate vascular burden but not with individual vascular risk factors, including AF. Taken together, these results suggest the higher frequency of AD diagnosis among AF patients found in prior studies may be explained by symptomatic and asymptomatic vascular neuropathology uncovering mild forms of AD or by other concomitant pathological processes only evident in neuropathological studies. In clinical settings, one cannot entirely exclude the influence of possible confounders underlying the apparent link between AF and AD.
Why is there such discrepancy about the AF-AD link between epidemiological studies and neuropathological studies ( Table 2) ? As indicated above, epidemiological studies suggest an association between AF and AD, especially in younger individuals. The contribution of AF to AD pathogenesis may be obscured in the elderly because of the age-dependent, absolute increase of AD prevalence independent of AF (compare Tables 1 and 2 for age). Another issue may be the method of AF evaluation in the studies. For example, AF may not be properly diagnosed due to lack of adequate monitoring [51] , and, with the exception of the study by Dublin et al. [25] , neuropathological studies do not typically distinguish persistent AF from non-persistent AF when taking medical history and examination. Non-persistent or paroxysmal AF detected at one time point does not always mean patients have low cardiac output or cerebral hypoperfusion. The lack of distinction between persistent and non-persistent AF in neuropathological studies may, at least partially, explain the discrepancy between epidemiological and neuropathological findings.
Generally, the findings derived from populationbased, longitudinal studies may not always reconcile with the cross-sectional neuropathological observations targeting only specific diseases (AD in this case). In a large observational study, patients with mild dementia may be underdiagnosed and patients may be incorrectly dichotomized into vascular dementia or AD due to lack of neuroimaging. In reality, most patients may have mixed pathology [13, 52] . Lack of neuroimaging may lead to underdiagnoses of silent stroke common in AF patients [12] , including cortical microinfarcts [53] , which have been associated with cerebral hypoperfusion [54] . However, a strong link between AF and AD with CVD in an epidemiological study [6] may not be inconsistent with an association between AF and milder AD neuropathology with higher frequency of vascular neuropathology [49] . Although the former study is population-based, and the latter specifically enrolls AD, both suggest AF-associated CVDs raise the risk of patients with AD changes progressing to dementia. Vascular factors, therefore, could be key to understanding the link between AF and AD. Further epidemiological, basic and pathological studies could work in concert to solve this complicated but important issue in a rapidly aging society.
EXPLORATION FOR TREATMENT
Warfarin, the only preventive medicine for CES due to AF, has been used for many years in cardiovascular disease treatment [55] . However, it has also recently been suggested as a potential treatment in dementia patients with AF. The reason for this is that 'cardiovascular events' refer to cerebral infarction and systemic embolism but few studies have examined dementia as a 'cardiovascular event'. Nevertheless, an observational study has provided interesting findings [56] . 2,605 patients with AF receiving warfarin (mean age 73.7 years old, 46% female) were examined for new-onset dementia with time-in-therapeutic range (TTR) as an indicator of drug control for an observation period of median 4 years (maximum 9.5 years). New-onset dementia was observed in 109 patients (37 senile dementia, 1.4%; 8 vascular dementia, 0.3%; 64 AD, 2.5%), and compared to the well-controlled TTR >75% group; the hazard ratio for dementia in the TTR <25% group, 25 <TTR <50% group, and 50% <TTR <75% group were 5.34, 4.10, and 2.57, respectively. This suggests strict anticoagulation therapy can reduce the risk of dementia. Correlation analysis in dementia subtypes, however, was not conducted in this study.
Meanwhile, in a report of the Intermountain AF study, incidence of dementia subtypes in subjects who received catheter ablation for AF was examined for at least three years of observation period and compared to the dementia incidence in 16,848 age-and sex-matched patients with AF who had not received ablation and in another 16,848 age-and sexmatched controls without AF. Incidence of AD was 0.2% in patients who underwent ablation, 0.9% in those who had not received ablation, and 0.6% in those without AF, showing that AD risk was significantly reduced after ablation (p < 0.0001). Similar significant differences were observed in other dementia subtypes, namely vascular, and senile, dementia [57] . Although this was an observational study, it is interesting that catheter ablation in AF has the possibility of reducing the risk of dementia, including AD. In this study, incidence of stroke and rate of mortality were also reduced by receiving ablation and the reduction in risk of dementia should be interpreted as a result of multiple factors besides rhythm-and/or rate-control due to ablation.
The next important question relates to whether a rate-control is a promising strategy in AF in the reduc-tion of AD incidence. Effects of ventricular response in AF and cognitive impairment were monitored for 10 years in 44 AF and 314 non-AF patients whose MMSE scores were less than 24. Those who had AF with low/high ventricular rate (average rate <50 or >90 beats per minute) showed higher rate of cognitive decline compared to those with AF plus moderate ventricular rate (50 <beats per minute <90) [58] . AF was a strong predictor of dementia (HR = 4.10) independently of other factors such as age, sex, and heart rate. Moreover, the low/high ventricular response was predictive of dementia in the presence (HR = 7.70), but not in the absence (HR = 1.85), of AF in the cognitively impaired elderly subjects. Interestingly, vascular dementia was more frequent in the presence than in the absence of AF (57.0 versus 46.0%, p < 0.01) although subjects with stroke were excluded from the analysis, suggesting preference of hypoperfusive vascular dementia over AD in AF patients with low/high ventricular rate.
A substudy of AFFIRM (Atrial Fibrillation Follow-Up Investigation of Rhythm Management) trial tested the cognitive status in 245 participants at baseline, at 2 months, then yearly. The average Mini-Mental State Examination (MMSE) scores at baseline were 28.3 in the rate-control arm and 27.3 in the rhythm-control arm, which showed no significant difference in MMSE scores for the mean follow-up time of 3.6 years [59] . This study suggests rate-control is as effective as a rhythm-control strategy in the prevention of cognitive decline, though the small sample of patients with relatively preserved cognitive function weakened the study findings. In another study enrolling 17 patients with medically refractory rapidly-conducted AF who received ablation (average age, 55.3 years) followed by pacemaker implantation increased left ventricular systolic function and brain perfusion and improved cognitive function at 3 months after operation, implying that a combination of ablation plus pacing holds promise for cognitive recovery. However, since the etiology of cognitive impairment was not stipulated in these two studies, it remains unknown whether rate-control is beneficial to AD pathology. Now that non-vitamin K antagonist oral anticoagulants (NOACs) are available for prevention of CES caused by AF [55] , is there any evidence that NOACs are superior to warfarin in terms of prevention of dementia? In an observational study, 5,254 patients aged 18 years or more who started anticoagulation therapy (NOACs or warfarin) were examined for composite outcome of dementia/stroke/TIA, and superiority of NOACs to warfarin was shown for the composite outcome [60] . This study also suggests that dementia-free survival rate was significantly greater in NOACs compared to warfarin (p = 0.02) although dementia subtypes were not described. A recent retrospective registry study of 444,106 patients with a hospital diagnosis of AF showed that patients on anticoagulant treatment at baseline had a significantly lower risk of incident dementia than patients without anticoagulant treatment (HR 0.71; 95% CI, 0.68-0.74) [61] . Importantly, direct comparison between NOACs and warfarin showed no difference in terms of the lowered risk of dementia (HR 0.97; 95% CI, 0.67-1.40). Further evidence is anticipated to compare incidence of AD or all-cause dementia in patients receiving either NOACs or warfarin.
CONCLUSION
Although warfarin and NOACs are effective in preventing CES in patients with AF, future research is needed to ascertain whether anticoagulation therapy is also effective for dementia. In particular, insufficient evidence is currently available on whether warfarin and NOACs are effective in the prevention of onset and progression of AD. This is also the case in efficacy of rhythm-, or rate-control, therapy for the prevention of AD in AF patients, requiring multiple observational studies with long-term followup and large-scale randomized controlled trials with comprehensive neurocognitive assessment and brain imaging. However, as many believe we are entering a 'super-aging society', there may be little time to wait for more robust evidence. Anticoagulation therapy and rhythm-or rate-control conducted for prevention of AF-related symptoms, such as CES, is expected to lead to reduction of vascular dementia and even AD. For the time being, we must wait for the establishment of such evidence while treating AF patients for prevention of cardiovascular events associated with AF.
